). This species, is restricted to mull humus 23 forms at pH > 5 ( Ponge, 1990 Ponge, , 1993 Salmon and Ponge, 1999) However, H. nitidus may also benefit from the space created by anecic earthworms in soil 29 through their burrowing activity. To test this hypothesis, we studied the influence of 30 earthworms on the population dynamics of H. nitidus in soils of varying pore size. Results of 31 preliminary experiments (Salmon, 2004) using fresh soil cores with their original fauna 32 revealed that the activity of anecic earthworms in some cases affected the predation on H. 33 nitidus. Cultures of H. nitidus in two distinct humus forms, a moder and a calcic mull, led to adetritivore microarthropods (Collembola) and predators (Chilopoda). We focused particularly 9 on pathways by which the former favourably influence the second. We (1) investigated 10 whether earthworms influence the population dynamics of H. nitidus in microcosms filled 11 with different humus forms and (2) determined whether their influence might be because of a 12 change in the physical habitat of Collembola, allowing them to avoid predation. To do this 13
cultures of H. nitidus were established, in the presence or absence of an anecic earthworm, in 14 three humus forms, a calcic mull (highly worked by earthworms), an acidic mull (slightly 15 worked by earthworms) and a compact moder humus (not worked by anecic and endogeic 16 earthworms). Humus profiles were used as defaunated blocks, with their original structure 17 preserved. In half of the microcosms a controlled predation pressure was applied, which was 18 identical in all humus forms. If earthworms, through their burrows, favour access of H. nitidus 19 to the soil volume, then their activity should lead to a higher density of Collembola in the 20 presence of predators and should have no effect in their absence. Earthworms should also 21 influence preferentially the abundance of large-sized individuals (sub-adult and adult) H. 22 nitidus, which hardly move in the compact moder, than immature individuals of smaller size. 23
Differences according to humus forms were also expected. 24 25
Material and methods 26 27

Experimental setup 28 29
Microcosms were made of right-angle plastic boxes (L: 9.2 cm x l: 8.3cm x h:14.7 cm) 30 filled with blocks of defaunated humus. Three different humus forms were used: a moder 31 humus and an acidic mull, originating from the Senart Forest (leached acidic soil under sessile 32 oak (Quercus petraea)) near Paris (France), and a calcic mull from the park of the laboratory 33 (black rendzina under hornbeam (Carpinus betulus)), near the Senart Forest. Sampling sitesand soils have been described by Arpin et al. (1984) and Bouché (1975) . Cores of humus, the 1 structure of which was preserved, were defaunated by drying at 25°C for 14 d, followed by 2 freezing at -20°C for 12 d. After thawing at ambient temperature (20°C), humus cores were 3 remoistened to field capacity at d 0, and microcosms were weighed at once. 4
Four treatments were applied to each humus form: (1) ((addition of Collembola only, 5
(2) addition of Collembola + predators, (3) addition of Collembola + earthworms, (4) addition 6 of Collembola + predators + earthworms. Each treatment comprised five replicates. 7
Collembola came from a batch culture on water-moistened fine quartz sand, they were 8 fed with a mixture of terrestrial microalgae (Desmococcus spp.) and lichens taken from bark 9 scrapings. The batch culture started 5 months before the experiment from several individuals, 10 which were extracted from the calcic mull. 11
Earthworms were extracted from the calcic mull with 4 ml formalin l -1 . Two species, 12 belonging to the anecic ecological category (Bouché, 1975) Lithobiomorpha. The density of predators chosen for the experiment (10 centipedes.dm -2 ) was 28 defined on the basis of field investigations which were performed 3 months before in the three 29 humus forms, and corresponded to the highest density found, i.e. that of the acidic mull. 30
Chilopoda were determined at the species level at the end of the experiment according to 31 Geoffroy (2000) and Jeekel (1999), on ethanol-preserved specimens. 32
To force Collembola to move downwards into the soil vertical gradients of moisture 33 and light were created by covering boxes with a firmly-attached nylon gauze allowing waterevaporation. Microcosms were held under periodic 12:12 light at 15°C for 8 weeks. The 1 moisture content was kept constant with deionized water after weighing boxes every 2 weeks. 2
At the end of the experiment, worms were removed by hand then humus blocks were 3 placed on Berlese-Tullgren extractors (3 mm mesh) to collect Collembola and predators. 4
Earthworms were rinsed in water and dried quickly on filter paper before being weighed. 5
Specimens of H. nitidus were harvested in 90% ethanol, then counted under a dissecting 6 microscope and classified into two size classes (< 1 mm and ≥ 1 mm). Soil pH was measured 7 on dried soil mixed with deionized water (soil:water 1:5 v/v) for 5 min, after decantation for 8 4h (Anonymous, 1999). 9 10
Statistical analysis 11 12
The effect of three factors (humus, predators and earthworms) on the total abundance 13 and large-sized individuals was first analysed by a three way ANOVA, after log-14 transformation of the data. 15
One replicate from the treatment acidic mull + earthworms + predators was excluded 16 from analyses because of an abnormally low Collembolan density, due to anomalous dryness 17 and compaction. The three-way ANOVA, performed on the total abundance of H. nitidus, 18 revealed significant interactions between humus form and predators on one part, and between 19 humus form and earthworms on the other part. Main effects of these factors were thus further 20 analyzed by separate two-way ANOVAs. Separated analyses was further justified by the fact 21 that the earthworm effect was not the same in moder and acidic mull, and also because three-22 way ANOVA was not possible on small-sized individuals even after transformation of the 23 data. 24
Five two-way ANOVAs (earthworms and predators or earthworms and humus as 25 treatments) were performed within each humus form and within treatments "with predators" 26 and "without predators", respectively. ANOVAs were performed on total abundance as well 27 as on abundance of two size classes, after square root-transformation of the data to 28 homogenize variances. A posteriori multiple comparisons were done by the Newman-Keuls 29 procedure using Statbox®. The effect of humus form on the total abundance of H. nitidus was 30 also analyzed by one-way ANOVA in the treatment excluding both predators and 31
earthworms. 32
Changes in earthworm body weight according to time and humus form were analyzed 33 by two-way ANOVA for repeated-measures with time as repeat factor and humus astreatment factor. Mean predator numbers recovered at the end of the experiment in the 30 1 microcosms into which they had been introduced were analyzed by two-way ANOVAs to 2 ensure that neither humus form, nor the presence of earthworms influenced their abundance. 3
Mean pH values of the three humus forms were compared by one-way ANOVA. Within each 4 humus form, pH variation due to treatments "earthworms" and "predators" were compared by 5 two-way ANOVAs. 6 7 3. Results 8 9
Soil pH 10 11
Mean soil pH values differed significantly (P < 0.001 for all comparisons) in calcic 12 mull (7.70 ± 0.02), acidic mull (4.52 ± 0.04) and moder (4.31 ± 0.04), but it did not vary 13 according to the presence or absence of earthworms and predators (P > 0.05 for all 14 comparisons). 15 16
H. nitidus : whole population 17 18
The three-way ANOVA revealed a strong negative influence of predators on the total 19 abundance of H. nitidus (P < 0.0001). The humus form, although at a low probability level (P 20 = 0.0575) was not significant, but two interactions were detected: humus form x earthworms 21 (P = 0.0489) and humus form x predators (P = 0.0368). These factors were thus analysed 22 separately by two-way ANOVAs (Table 1 ). The three-way ANOVA also revealed that the 23 humus form significantly affected large-sized Collembola (P = 0.0003) which were more 24 abundant in calcic mull than moder and acidic mull. 25
The humus form and the presence of A. giardi or L. terrestris affected the abundance 26 of H. nitidus but only when this species was subject to predation (Table 1 ). In the presence of 27 predators the abundance of Collembola (1) was higher in the calcic mull than in the moder (P 28 = 0.015), densities in the acidic mull being intermediate (P > 0.05), and (2) was higher in the 29 presence of earthworms (Fig.1A) . Without predators and earthworms, densities of Collembola 30
were similarly high (P > 0.05) in the three humus forms (Fig.1A) . 31
In the three humus forms, centipede predatory activity reduced the total number of H. 32 nitidus. Moder showed the most dramatic decrease, by a factor of three (Fig.1A) . When the 33 three humus forms were analyzed separately (Table 1) , the effects of anecic earthworms were 1 significant only in moder, resulting in an increase in the number of H. nitidus (Fig. 1A) . 2 3
H. nitidus: individuals larger than 1 mm 4 5
When treatments with and without predators were analyzed separately, only the 6 abundance of large individuals (adults and sub-adults) subject to predation differed according 7 to the humus form (Table 2) . It was higher in the calcic mull than in acidic mull (P < 0.001) 8
and in the moder (P = 0.002) (Fig.1B) , the two latter humus forms being not significantly 9 different the one from the other (P > 0.05). 10
When the influence of predators was analyzed separately in each humus form, it was 11 significant only in moder humus (Table 2) , where a decrease in the density of large specimens 12 was observed in the presence of predators (Fig. 1B) . As for the whole population, the effects 13 of earthworms was significant only in moder, where they led to an increase in the abundance 14 of adults and sub-adults when treatments with and without predators were pooled (Fig.1B) . 15
As a consequence, adults and sub-adults were more abundant in the calcic mull, 16 compared to the two acidic humus forms, but this effect was revealed only in the presence of 17 predators. However, negative as well as positive effects of predators and earthworms were 18 found only in moder, not in acidic mull. 19 20
H. nitidus : individuals smaller than 1 mm 21 22
The humus form did not affect populations of small-sized Collembola, whether 23 predators were present or not (Table 3) . On the other hand, predator activity resulted in a 24 strong decrease in densities of small-sized individuals in the three humus forms (Fig.1C) . No 25 positive effect of earthworms was detected whatever the humus form. In the acidic mull, an 26 interaction between earthworms and predators was observed. Without predators, the presence 27 of A. giardi or L. terrestris decreased the number of small-sized Collembola, (P = 0.015), 28 which reached a value comparable to that resulting from predator activity. This decrease was 29 not observed in the presence of predators and, conversely, the effects of predators were visible 30 only without earthworms (P = 0.001). As a consequence, only predators influenced 31 populations of small-sized individuals except in the acidic mull, where earthworms decreased 32 densities of immature individuals in the absence of predation. 33 the humus form (P = 0.945). 7
The two anecic species dug galleries in the three humus forms. In several boxes, these 8 biogenic structures were visible through the transparent walls. After 4 weeks, the inner part of 9 some galleries was visible because at this time they had not been completely covered with 10 cast material. We were then able to observe H. nitidus moving in the lumen of the earthworm 11 galleries. 12 were recovered at the end of the experiment. This low rate of recovery was probably not 23 completely due to mortality, but it may also result from the difficulty for the larger animals to 24 pass through the 3 mm mesh sieve in the Berlese funnels. The mean abundance of recovered 25 predators (Table 4) The abundance of H. nitidus on the whole humus forms, unaffected by earthworms 30 when predators were absent, indicates that the action of earthworms on the soil structure, 31 resulting in improved access for H. nitidus to the total soil volume, is a key factor for the 32 distribution of this acid-intolerant species. The hypothesis of a relationship between soil 33 structure and movements of H. nitidus was confirmed by differences observed between two 1 size classes. The positive action of earthworms we observed in moder applied only to larger 2 individuals, which were not preyed upon in mull, where they moved with ease in earthworm 3 galleries. The effect of predation upon the smaller individuals did not vary with the humus 4 form, and it was not affected by earthworms. Indeed, immature H. nitidus can move more 5 easily than adults in small pores. Their success when escaping predators should consequently 6 be the same in different humus forms. However they are more preyed upon than adults, 7 because (1) they do not produce aggregation pheromones that decrease locomotory activity 8 topsoil is favoured in calcic mull, where large numbers of anecic earthworms occur, than in 6 the acidic mull, which is rather dominated by endogeic and epigeic earthworms. 7
The hypothesis of a causal relationship between the structure of the topsoil and 8 densities of H. nitidus is also supported by the fact that the abundance of larger individuals, 9 contrary to the whole population, was higher in calcic than in acidic mull. earthworms introduced in a forest soil was correlated with a low abundance of Arthropleona 28 Collembola and oribatid mites, which they attributed to a modification of the structure of 29 organic horizons resulting from earthworm feeding activities. However the introduced species 30 was epigeic, thus without any pronounced effects on soil structure, contrary to anecic worms. 31
Conclusions 33
To conclude, centipedes used in this experiment preyed efficiently on H. nitidus, 1 particularly on immature individuals in all three humus forms. Variations in the abundance of 2 H. nitidus according to humus form were mainly due to differences in soil structure, 3 especially macroporosity due to earthworm burrows. The general effect of anecic earthworms, 4 which resulted from their burrowing activity, allowed an increase of the population size of H. 5
nitidus. The creation of earthworm burrows probably allowed H. nitidus to escape from 6 predators more easily by improving its access to a larger volume of soil. Our results support 7 the "Nested Biodiversity Hypothesis" according to which soil ecosystem engineers 8 (earthworms) may determine the abundance and diversity of other soil organisms (Lavelle, 9 1996) . They contribute to clarify the role of earthworms in the soil ecosystem and to explain 10 their interaction with some microarthropods, although an earthworm-induced decrease in the 11 number of immature H. nitidus in the acidic mull remains unexplained. Further long-term 12 laboratory experiments comparing the effects of earthworm burrows and artificial pores are 13 needed to fully distinguish the effect of earthworms on soil structure from that of food 14 resource addition. 
